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Cross-Reference of Related Application 

This application is a Continuation-in-Part Application of 
the presently pending U.S. Patent Application No. 09/953,674, 
filed on September 17, 2001. The whole description of the 
specification for the U.S. Patent Application No. 09/953,674 is 
incorporated herein for reference. 

In addition, this application claims the priority based on 
35 U.S.C. § 119 with regard to Japanese Patent Application No. 
2001-388313, filed on December 20, 2001, under the title of 
"Piezoelectric Element and Process for Production Thereof." 
The whole description of the specification for the Japanese 
Patent Application No. 2001-388313 is incorporated herein for 
reference. 

Background of Invention and Related Art 

[0001] The present invention relates to a piezoelectric 

element. More particularly, the present invention relates to a 
piezoelectric portion which has very high piezoelectric properties, 
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and which has a high rate of increase of displacement as an 
actuator in the case of applying a large electric field and a high 
decomposability as a sensor in the case that a great force is 
applied. 

[0002] In recent years, piezoelectric elements have been used 
in ink jet printer heads, speakers, microphones, etc. 
[0003] As the piezoelectric elements, there are generally 

known those comprising a ceramic substrate, a piezoelectric 
portion made of a piezoelectric ceramic composition, formed on 
the substrate, and electrodes electrically connected to the 
piezoelectric portion. As to the piezoelectric ceramic 
composition constituting the piezoelectric portion, various 
improved compositions have been disclosed. 

[0004] For example, a Pb(Mg 1/3 Nb 2/ 3)03-PbTi0 3 -PbZr03 

ternary system solid solution composition and a piezoelectric 
ceramic composition wherein part of Pb in the above composition 
is replaced by Sr, La, etc., were disclosed [Japanese Patent 
Publication S44-17103, Japanese Patent Publication S45-8145]. 
With regard to a piezoelectric portion itself which are the most 
important factor determining the piezoelectric element 
properties of the piezoelectric element, a piezoelectric element 
having excellent piezoelectric properties (e.g. piezoelectric d 
constant is expected. 

[0005] When a piezoelectric element is produced actually by 
superposing a piezoelectric material made of the above 
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piezoelectric ceramic composition on a ceramic substrate and 
then subjecting the piezoelectric material to heat treatment, the 
obtained piezoelectric portion has a low density, and therefore, 
there have been pointed out such a problem that the piezoelectric 
element has a low flexural displacement or, when a voltage is 
applied thereto, it causes dielectric breakdown at the low density 
area. In particular, this problem is remarkable in the case of a 
piezoelectric element having a structure that a negative 
electrode and a positive electrode are disposed between 
piezoelectric portions alternatively, and its improvement has 
been strongly demanded. 

[0006] In addition, sufficient piezoelectric properties cannot 
always be obtained with a piezoelectric portion made of the 
aforementioned piezoelectric ceramic composition, and there 
have been such a problem that when a voltage is raised to 
increase a flexural displacement, an increase of the flexural 
displacement obtained is very small relative to an increase of 
voltage on a side of a high electric field of 4 kV/mm or more. 
[0007] Hence, there has been proposed a piezoelectric 

element produced by previously heat-treating a piezoelectric 
material made of the above piezoelectric ceramic composition to 
produce a piezoelectric portion, and then attaching this 
piezoelectric portion onto a ceramic substrate (Japanese Patent 
Application Hll-29357). 

[0008] In this piezoelectric element, attention was paid to a 



fact that use of a ceramic substrate impairs the densification of a 
piezoelectric portion, and this piezoelectric element was 
accordingly improved in piezoelectric properties by means of 
obtaining a dense piezoelectric portion where a piezoelectric 
material made of a piezoelectric ceramic composition was 
previously heat-treated. 

[0009] In this piezoelectric element, however, it is necessary 
to use an inorganic or organic adhesive at the time of attaching 
the piezoelectric onto the ceramic substrate; therefore, there 
have been such problems that the adhesive impairs the vibration 
transmittability between the ceramic substrate and the 
piezoelectric or the adhesive components infiltrate into the 
piezoelectric or the ceramic substrate, deteriorating their 
properties. 

[0010] In addition, in this piezoelectric element, no 

consideration is given to a piezoelectric ceramic composition 
itself constituting a piezoelectric portion. Therefore, there has 
been a problem that sufficient piezoelectric properties cannot 
always be obtained like the aforementioned piezoelectric element, 
and further, an increase of the flexural displacement obtained is 
very small relative to an increase of voltage in a region of a high 
electric field. 



Summary of the Invention 



[0011] The present invention has been completed in view of 
the aforementioned problems and aims at providing a 
piezoelectric element which has very high piezoelectric 
properties, which is excellent in vibration transmittability 
between a substrate and a piezoelectric portion, and where 
linearity of a flexural displacement to voltage is ensured till a 
high electric region, and a method for production thereof. 
[0012] Incidentally, in a piezoelectric element of the present 
invention, the aforementioned effect is great in a structure of 
laminating piezoelectric portions and electrodes alternatively to 
give a plurality of layers. The piezoelectric element can be 
suitably used for an actuator, a sensor, etc. 

[0013] The present inventor made a study in order to solve 

the aforementioned problems. As a result, the present inventor 
found out that when there is used, as a piezoelectric material, a 
piezoelectric ceramic composition composed mainly of a 
PbMg 1/3 Nb 2/3 0 3 -PbZrO 3 -PbTi0 3 ternary system solid solution 
composition of particular formulation and containing NiO in a 
particular proportion, the densified piezoelectric portion can be 
obtained even when a piezoelectric material is superposed on a 
substrate and then heat-treated, whereby the aforementioned 
problems can be solved. The present invention has been 
completed based on the above finding. 

[0014] That is, according to the present invention, there is 
provided a piezoelectric element comprising: 



a ceramic substrate, 

a piezoelectric portion made of a piezoelectric ceramic 
composition containing a PbMg 1/3 Nb 2/3 03-PbZr03-PbTi0 3 ternary 
system solid solution composition having an average particle 
diameter of 1 - 10 m with a maximum particle diameter being 
5 times as large as the average particle diameter or less and 
being represented by the following general formula (1) as a 
main component and 0.05 to 10.0 mass% of NiO, and 



SI an electrode; 

fU 

fy 10 wherein said electrode is electrically connected to said 

M piezoelectric portion, and said piezoelectric portion is solidly 

a 

O attached to the ceramic substrate directly or via said electrode. 

Q [0015] Pb x (Mg y/3 Nb 2/ 3)aTi b Zr c 0 3 (D 

O r00161 wherein 0.95^x^1.05; 0.8^y^l.O; a, b and c are 

15 decimals falling in a range surrounded by (a,b,c) = (0.550, 0.425, 
0.025), (0.550, 0.325, 0.125), (0.375, 0.325, 0.300), (0.100, 0.425, 
0.475), (0.100, 0.475, 0.425) and (0.375, 0.425, 0.200) in the 
coordinates with coordinate axes of said a, b and c, and a+b+c = 
1.00. 

20 [0017] According to the present invention, there is further 
provided a piezoelectric element comprising: 
a ceramic substrate, 

a plurality of piezoelectric portion made of a piezoelectric 
ceramic composition containing a PbMg 1/3 Nb2/303-PbZr0 3 -PbTi03 
25 ternary system solid solution composition represented by the 



following general formula (1) as a main component and 0.05 to 
10.0 mass% of NiO, and 

a plurality of electrodes; 

wherein said plurality of piezoelectric portion are 
laminated with interposing negative electrodes and positive 
electrodes of said plurality of electrodes alternately in each gap 
between said piezoelectric portions provided in stories and a 
lowermost piezoelectric portion is solidly attached to the ceramic 
substrate directly or via said electrode. 
[0018] Pb x (Mg y/3 Nb 2/3 ) a Ti b Zr c 0 3 (1) 

[0019] wherein 0.95^x^1.05; 0.8^y^l.O; a, b and c are 
decimals falling in a range surrounded by (a,b,c) = (0.550, 0.425, 
0.025), (0.550, 0.325, 0.125), (0.375, 0.325, 0.300), (0.100, 0.425, 
0.475), (0.100, 0.475, 0.425) and (0.375, 0.425, 0.200), in the 
coordinates with coordinate axes of said a, b and c, and a+b+c = 
1.00. 

[0020] Incidentally, in a piezoelectric element of this 

lamination structure, it is preferable that a ternary system solid 
solution composition has an average particle diameter of 1 - 10 
U m with the maximum particle diameter being 5 times as large 
as the average particle diameter or less. 

[0021] According to the present invention, there is still 

further provided a piezoelectric element comprising: 
a ceramic substrate, 

a piezoelectric portion made of a piezoelectric ceramic 
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composition containing a PbMg^Nb^Og-PbZ^-PbTiOs ternary 
system solid solution composition represented by the following 
general formula (1) as a main component and 0.05 to 10.0 mass% 
of NiO, and said piezoelectric ceramic composition contain 
5 particles having NiO as a main component on the surface and/or 
in the interior thereof, and 
an electrode; 

p wherein said electrode is electrically connected to said 

O 

M piezoelectric portion, and said piezoelectric portion is solidly 

ru 

fU 10 attached to the ceramic substrate directly or via said electrode. 

is 

SI [0022] Pb x (Mg y/3 Nb 2/3 ) a Ti b Zr c 0 3 (1) 

a 

O [0023] wherein 0.95^x^1.05; 0.8^y^l.O; a, b and c are 

decimals falling in a range surrounded by (a,b,c) = (0.550, 0.425, 
0.025), (0.550, 0.325, 0.125), (0.375, 0.325, 0.300), (0.100, 0.425, 
15 0.475), (0.100, 0.475, 0.425) and (0.375, 0.425, 0.200), in the 
coordinates with coordinate axes of said a, b and c, and a+b+c = 
1.00. 

[0024] Also, in a piezoelectric element where this NiO 

particle is present, it is preferable that a ternary system solid 
20 solution composition has an average particle diameter of 1 - 10 
U m with the maximum particle diameter being 5 times as large 
as the average particle diameter or less. In addition, a particle 
having NiO as the main component may include only NiO or NiO 
with MgO solid solution. 
25 [0025] In any of piezoelectric elements of the present 



Q 

ru 



invention, it is preferable that Ni is dispersed in the 
piezoelectric ceramic composition in such a concentration 
gradient that the concentration of Ni becomes higher from the 
interface between the piezoelectric portion and the substrate 
towards the thickness direction of the piezoelectric portion. 
[0026] Pb in the piezoelectric ceramic composition may be 
replaced by at least one kind of element selected from the group 
consisting of Sr, Ca and Ba, by 2 to 10 mole %. Pb in the 
piezoelectric ceramic composition may also be replaced by La by 



M 10 0.2 to 1.0 mole %. 

ro 

W [0027] It is preferable that the substrate has a thickness of 3 

V J \xm to 1 mm, that the piezoelectric portion has a thickness of 1 to 

S 

S 300 urn, that the ratio of the thickness of the substrate to the 

thickness of the piezoelectric portion (the thickness of the 
15 substrate / the thickness of the piezoelectric portion) is 0.1 to 30, 
and that a cross-section of the substrate in the thickness 
direction has a W-like shape having three inflection points. 
[0028] According to the present invention, there is provided a 
method for producing a piezoelectric element comprising the 
20 steps of: 

superposing a piezoelectric material containing a 
PbMg 1/3 Nb 2/3 03-PbZr03-PbTi0 3 ternary system solid solution 
composition represented by the following general formula (1) as a 
main component and 0.05 to 10.0 mass% of NiO on a ceramic 
25 substrate or on an electrode formed on the ceramic substrate, 
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and 

subjecting the superposed piezoelectric material to a 
thermal treatment in an atmosphere where 0.03 - 0.5 mg/cm 
(NiO conversion amount per unit volume of a space in a 
5 container) of a atmosphere-controlling material having the same 
composition as the piezoelectric material is coexisted. 
y, [0029] Pb x (Mg y/3 Nb 2/3 ) a Ti b Zr c 0 3 (1) 

Q [0030] wherein 0.95^x^1.05; 0.8^y^l.O; a, b and c are 

M 

fU decimals falling in a range surrounded by (a,b,c) = (0.550, 0.425, 

ru 

*0 10 0.025), (0.550, 0.325, 0.125), (0.375, 0.325, 0.300), (0.100, 0.425, 

M 

0 475), (0.100, 0.475, 0.425) and (0.375, 0.425, 0.200), in the 

S 

81 coordinates with coordinate axes of said a, b and c, and a+b+c - 

a 

£ 100. 

Q 

^ [0031] A method for producing a piezoelectric element 

15 comprising the steps of: 

superposing a piezoelectric material containing a 
PbMg 1/3 Nb 2/3 03-PbZr0 3 -PbTi0 3 ternary system solid solution 
composition represented by the following general formula (1) as a 
main component and 0.05 to 10.0 mass% of NiO on a ceramic 
20 substrate or on an electrode formed on the ceramic substrate, 
and 

subjecting the superposed piezoelectric material to a 
thermal treatment in an atmosphere; 

wherein 0.03 - 0.5 mg/cm 3 (NiO conversion amount per 
25 unit volume of a space in a container) of a atmosphere- 



controlling material having the same composition as the 
piezoelectric material is coexisted as a container for housing said 
electrode on which the piezoelectric material is superposed and a 
setter for mounting the piezoelectric material thereon. 
[0032] Pb x (M gy , 3 Nb 2/3 ) a Ti b Zr c 0 3 (1) 

[0033] wherein 0.95^x^1.05; 0.8^y^l.O; a, b and c are 
decimals falling in a range surrounded by (a,b,c) = (0.550, 0.425, 
0.025), (0.550, 0.325, 0.125), (0.375, 0.325, 0.300), (0.100, 0.425, 
0.475), (0.100, 0.475, 0.425) and (0.375, 0.425, 0.200), in the 
coordinates with coordinate axes of said a, b and c, and a+b+c = 
1.00. 

[0034] The piezoelectric element according to the present 
invention can be used for condensers or various sensors, as a 
dense and small dielectric element or pyroelectric element. 

Brief Description of the Drawings 

Figs. 1(a) and 1(b) are explanatory views schematically 
showing an embodiment of the piezoelectric element of the 
present invention. Fig. 1(a) is a plan view, and Fig. 1(b) is a 
sectional view taken along the X-X* line of Fig. 1(a). 

Figs. 2(a) and 2(b) are explanatory views schematically 
showing another embodiment of the piezoelectric element of the 
present invention. Fig. 2(a) is a plan view, and Fig. 2(b) is a 
sectional view taken along the X-X' line of Fig. 2(a). 

Figs. 3(a) and 3(b) are explanatory views schematically 
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showing still another embodiment of the piezoelectric element of 
the present invention. Fig. 3(a) is a plan view, and Fig. 3(b) is a 
sectional view taken along the X-X' line of Fig. 3(a). 

Figs. 4(a) and 4(b) are explanatory views schematically 
5 showing still another embodiment of the piezoelectric element of 
the present invention. Fig. 4(a) is a plan view, and Fig. 4(b) is a 
sectional view taken along the X-X' line of Fig. 4(a). 
q Figs. 5(a) and 5(b) are explanatory views schematically 

fj showing still another embodiment of the piezoelectric element of 

StJ 

fU 10 the present invention. Fig. 5(a) is a plan view, and Fig. 5(b) is a 

& 

M sectional view taken along the X-X' line of Fig. 5(a). 

a 

□ Fig. 6 is a sectional view schematically showing still 

m 

Q another embodiment of the piezoelectric element of the present 



invention. 

15 Fig. 7 is a sectional view schematically showing still 

another embodiment of the piezoelectric element of the present 
invention. 

Fig. 8 is a sectional view schematically showing still 
another embodiment of the piezoelectric element of the present 
20 invention. 



Description of Preferred Embodiments 



25 



[0035] Embodiments of the present invention are described 
below with referring to the drawings. 
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[0036] As shown in Fig. l(a)(b), the piezoelectric element of 
the present invention is provided with: a ceramic substrate 2, a 
piezoelectric portion 1 composed of a specific piezoelectric 
ceramic composition, and electrodes 3 (3a and 3b). The 
5 electrodes 3 (3a and 3b) are electrically connected to the 

piezoelectric portion 1, and the piezoelectric portion 1 is solidly- 
attached to the ceramic substrate 2 directly or via the electrodes 

o * 

Q 

Sj The present piezoelectric element is described specifically 

ru 

fU 10 below at every constituent. 

Si [0037] The substrate 2 used in the present invention is of 

s 

□ ceramics and preferably made of a material containing at least 

m 

O one kind selected from the group consisting of stabilized 

f 

^ zirconium oxide, aluminum oxide, magnesium oxide, mullite, 

fU 

15 aluminum nitride, silicon nitride and glass, for the heat 
resistance, chemical stability and insulating property. Of these, 
particularly preferred is a material containing stabilized 
zirconium oxide, for the high mechanical strength and excellent 
tenacity. 

20 [0038] The substrate 2 has a thickness of preferably 3 \xm to 1 
mm, more preferably 5 to 500 (mm, particularly preferably 7 to 
200 \im in the present invention. 

[0039] When the thickness of the substrate 2 is less than 3 
nm, the piezoelectric element may have a low mechanical 
25 strength; and when the thickness is more than 1 mm, the rigidity 
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of the substrate relative to the shrinkage stress of the 
piezoelectric portion is large when a voltage is applied to the 
piezoelectric element, and the piezoelectric element may show a 
small flexural displacement. 
5 [0040] The substrate 2 may be produced so as to have, as 

shown in Figs. 2(a) and 2(b), a thin portion 2c roughly 
corresponding to an interface 2a between piezoelectric portion 1 
Q or electrode 3b and ceramic substrate 2 and having the 

M aforementioned thickness and a thick portion 2b roughly 

fU 

W 10 corresponding to the surface area of ceramic substrate other 

<£} 

^ than the interface 2a and having a larger thickness than the thin 

9 

Jyj portion 2c. 

? [0041] Thereby, the piezoelectric element obtained can show 

|j a larger flexural displacement and a higher mechanical strength. 

15 [0042] It is also possible that a plurality of units each having 
such a structure are provided on a single substrate 2, as shown 
in Figs. 3(a) and 3(b). 

[0043] There is no particular restriction as to the surface 
shape of the substrate 2 in the present invention. The surface 
20 shape may be, for example, a rectangle, a square, a triangle, an 
ellipse, a true circle, an edge-rounded square, an edge-rounded 
rectangle, a capsule or a combination thereof. 

[0044] A cross-section of the substrate 2 in the thickness 
direction has a W-like shape having three inflection points in 
25 view of high linearity of a flexural displacement relative to an 
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electric field. 

[0045] The piezoelectric portion 1 used in the present 

invention is made of a piezoelectric ceramic composition 
composed mainly of a PbMg 1/3 Nb 2/3 0 3 -PbZr0 3 -PbTi0 3 ternary 
5 system solid solution composition represented by the following 
general formula (1) and containing 0.05 - 10.0 mass% of NiO. 
[0046] Pb x (Mg y/3 Nb 2/3 ) a Ti b Zr c 0 3 (1) 

JJ [0047] wherein 0.95^x^1.05; 0.8^y^l.O; a, b and c are 

^ decimals falling in a range surrounded by (a,b,c) = (0.550, 0.425, 

({J 10 0.025), (0.550, 0.325, 0.125), (0.375, 0.325, 0.300), (0.100, 0.425, 
M 0.475), (0.100, 0.475, 0.425) and (0.375, 0.425, 0.200) in the 

Q coordinates with coordinate axes of said a, b and c, and a+b+c - 

m 

□ 1.00. 

□ [0048] This enables to give a piezoelectric element having a 
15 dense piezoelectric portion even in the case that the piezoelectric 

element is solidly attached onto the substrate, having excellent 
piezoelectric properties, and having high linearity of a flexural 
displacement relative to an electric field up to a high electric 
field region. 

20 [0049] The reason why, in the above general formula (1), a, b 
and c are made to be within the aforementioned specific range, is 
that, a, b and c being without the range cause deterioration in 
flexural displacement of the piezoelectric element and linearity 
of a flexural displacement relative to an electric field. Likewise, 

25 the reason why the NiO content in the piezoelectric ceramic 
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composition is 0.05 to 10.0 mass% is that the NiO content in the 
piezoelectric ceramic composition of less than 0.05 mass% causes 
insufficient densification, thereby causing deterioration in 
flexural displacement of the piezoelectric element and linearity 
5 of a flexural displacement relative to an electric field. On the 
other hand, when the NiO content exceeds 10.0 mass%, the 
piezoelectric portion has a higher reactivity with the substrate, 
q which also causes deterioration in flexural displacement of the 

□ , , , 

%j piezoelectric element and linearity of a flexural displacement 

ru 

HJ 10 relative to an electric field. 

SI [0050] Therefore, the NiO content in the piezoelectric 

5 

S ceramic composition used in the present invention is preferably 

m 

0.50 to 8.0 mass%, and more preferably 1.0 to 6.0 mass%. 
[0051] In the present invention, Ni is preferably dispersed in 
15 the piezoelectric ceramic composition uniformly and more 
preferably in such a concentration gradient that the 
concentration of Ni becomes higher from the interface 2a 
between the piezoelectric portion and the substrate towards the 
thickness direction of the piezoelectric portion. 
20 [0052] Thereby, the piezoelectric portion 1 can have a higher 
density even in the case that it is solidly attached to the 
substrate 2 directly or via an electrode. 

[0053] In the present invention, it is preferable that at least 
a part of NiO in this piezoelectric ceramic composition is present 
25 as a particle having NiO as the main component. 



S 

ru 
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Si 



[0054] The presence of such NiO particles enables to secure 
linearity of a flexural displacement relative to an electric field 
up to a high electric field region, and thereby a larger flexural 
displacement can be obtained in comparison with a conventional 
5 piezoelectric element with the same electric force. 

[0055] In the present invention, particles having NiO as the 
main component are preferably present on the surface and/or in 

H 3 the interior of the piezoelectric portion (piezoelectric ceramic 

O 

f~j composition) in the point that linearity of a flexural 

JH 10 displacement relative to an electric field can be ensured up to a 

ru 

^ higher electric field region, more preferably unevenly distributed 

a on the surface of the piezoelectric portion (piezoelectric ceramic 

composition). 

[0056] Here, "unevenly distributed" means "present on a 
15 surface or in the interior unevenly" and includes both "present 
more on a surface than in the interior though they are present on 
the surface and in the interior of a piezoelectric ceramic 
composition" and "present only on the surface." 

[0057] In the present invention, there is no particular 

20 limitation on a particle diameter of particles having NiO as the 
main component. However, it is preferably 0.1 - 2 n m. In 
addition, particles having NiO as the main component may be of 
only NiO or of MgO of solid solution. However, the particles of 
MgO of solid solution is preferable in view of high linearity of a 
25 flexural displacement relative to an electric field. In addition, 
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the particles having NiO as the main component may be present 
at a grain boundary of a piezoelectric ceramic composition or in 
grains of the piezoelectric ceramic composition. 
[0058] Next, a piezoelectric ceramic composition in the 

5 present invention has an average particle diameter of 1 - 10 U m 
with a maximum particle diameter being 5 times as large as the 
average particle diameter or less, preferably an average particle 
G diameter of 2 - 5 H m with a maximum particle diameter being 4 

M times as large as the average particle diameter or less, more 

ru 

HJ 10 preferably an average particle diameter of 2 - 5 Mm with a 
^ maximum particle diameter being 3 times as large as the average 

particle diameter or less. 

[0059] When the average particle diameter is less than 1 pm, 
the domain in the piezoelectric portion does not develop 
15 sufficiently, which causes deterioration in flexural displacement 
and linearity of a flexural displacement relative to an electric 
field in a high electric field region. When the average particle 
diameter is more than 10 \im, the domain in the piezoelectric 
portion is large but does not move easily, which may result in a 
20 small flexural displacement. 

[0060] In addition, when the maximum particle diameter 
exceeds 5 times the length of the average particle diameter, 
coarse particles which polarization does not move easily increase, 
and thereby linearity of a flexural displacement relative to an 
25 electric field becomes low, and a flexural displacement itself 



a 

Q 



pa 
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becomes small. 

[0061] In the present invention, it is preferred to replace the 
Pb in the piezoelectric ceramic composition by at least one kind 
of element selected from the group consisting of Sr, Ca, Ba and 
La for improvement in piezoelectric properties and linearity of a 
flexural displacement relative to the amount of an electric field. 
[0062] However, replacement of Pb in the piezoelectric ceramic 
composition with a high rate causes deterioration in a flexural 
displacement, increase in influence of a flexural displacement on 
a temperature change, and deterioration in linearity of an 
amount of a flexural displacement. Therefore, the rate of 
replacement is preferably within a suitable range at every 
substituent element. 

[0063] When the Pb in the piezoelectric ceramic composition 
is replaced by at least one kind of element selected from the 
group consisting of Sr, Ca and Ba, the Pb is replaced preferably 
by 2 to 10 mole %, more preferably 4 to 8 mole %. When the Pb 
in the piezoelectric ceramic composition is replaced by La, the Pb 
is replaced preferably by 0.2 to 1.0 mole %, more preferably 0.4 to 
0.9 mole %. 

[0064] In the present invention, the piezoelectric portion 1 
contains a phase other than perovskite phase preferably by 20% 
by volume or less, more preferably by 10% by volume or less. 
[0065] The piezoelectric portion 1 has a porosity of 

preferably 10% by volume or less, more preferably 5% by volume 
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or less for ensuring a desired flexural displacement and 
mechanical strength and enhancing linearity of a flexural 
displacement relative to an electric field in a high electric field 
region. 

5 [0066] The piezoelectric portion 1 in the present invention 
has a thickness of preferably 1 to 300 \im, more preferably 3 to 
100 um, particularly preferably 5 to 30 um. 

[0067] When the thickness of the piezoelectric portion 1 is 

Q 

M less than 1 um, even the piezoelectric portion made of the 

ru 

fU 10 aforementioned specific piezoelectric ceramic composition is 
^ liable to be densified insufficiently. When the thickness is more 

B 

P than 300 \im, the stress to the substrate becomes relatively too 

on 

large; in order to prevent the substrate fracture, the ceramic 
substrate needs to have a larger thickness, making it difficult to 
15 produce a small piezoelectric element. 

[0068] The ratio of the thickness of the ceramic substrate 2 to 
the thickness of the piezoelectric portion 1 (the thickness of the 
substrate/the thickness of the piezoelectric portion) is preferably 
0.1 to 30, more preferably 0.3 to 10, particularly preferably 0.5 to 
20 5 from the point of ensuring mechanical strength and a desired 
flexural displacement. 

[0069] In the present invention, any electrode 3 may be 
employed as long as it is electrically connected to the 
piezoelectric portion 1. 
25 [0070] The electrodes 3 may be, for example, a pair of comb- 



O 

m 
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shaped electrodes 3c and 3d formed on a piezoelectric portion 1 
attached solidly to a substrate 2 as shown in Figs. 4(a) and 4(b); 
or, may be a pair of comb-shaped electrodes 3c and 3d attached 
solidly to a substrate 2 with a piezoelectric portion 1 being 
5 solidly attached onto the electrodes 3c and 3d as shown in Fig. 
5(a) and 5(b). 

[0071] Alternatively, it is possible that, as shown in Fig. 6, on 

a pair of comb-shaped electrodes 3c and 3d solidly attached onto 

□ 

Sj a substrate 2, a piezoelectric portion 1 is solidly attached, and a 

fU 

FJ 10 common electrode 3e is formed on a surface opposite to the 
Si surface of the piezoelectric portion 1 where the comb-shaped 

electrodes 3c and 3d are solidly attached. Conversely, it is also 
possible that, as shown in Fig. 7, on a common electrode 3e 
solidly attached onto a substrate 2, a piezoelectric portion 1 is 
15 solidly attached, and a pair of comb-shaped electrodes 3c and 3d 
are formed on a surface opposite to the surface of the 
piezoelectric portion 1 where the common electrode 3e is solidly 
attached. 

[0072] Further, in a layered piezoelectric element where a 
20 plurality of piezoelectric portions (la - lk) are arranged in 
stories as shown in Fig. 8, it is preferable that a negative 
electrode 3f and a positive electrode 3g of the electrode 3 are 
alternatively disposed between the electrode portions (la - lk). 
[0073] At this time, a width of an electrode is preferably 60 - 
25 90% of a width of a piezoelectric portion, and more preferably 70 
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- 80%. 

When a width of an electrode is less than 60% of a width of 
a piezoelectric portion, a flexural displacement becomes small 
because an area of the piezoelectric portion where an electric 
5 field is applied is small. When a width of an electrode is more 
than 90% of a width of a piezoelectric portion, positioning of the 
electrode requires precision, and bad precision upon positioning 
P causes a short between electrodes or dielectric breakdown, 

vj [0074] As the material for the electrodes 3, there is no 

fy 10 limitation and may be employed, for example, a material made of 
%j at least one kind selected from the group consisting of platinum, 

a 

G palladium, rhodium, gold, silver and alloys thereof. Of these 

m 

S materials, platinum or an alloy composed mainly of platinum is 

O preferred because they show high heat resistance during the 

ru 

15 heat-treatment of piezoelectric portion. A glass component may 
be added thereto further upon the heat treatment described 
below to make formation of an electrode easy. In the case of the 
aforementioned layered piezoelectric element, a material for 
each electrode may be the same among all electrodes or different 

20 in a part of or all the electrodes. 

[0075] The thickness of electrodes 3 in the present invention 
is preferably 15 \xm or less, more preferably 5 \im or less because, 
when the thickness is more than 15 n-m, the electrodes 3 act as a 
relaxing layer, which may result in a small flexural 

25 displacement. 
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[0076] Next, the piezoelectric element of the present 

invention is characterized in that the piezoelectric portion 1 is 
solidly attached to the substrate 2 directly or via the 
aforementioned electrode. 
5 [0077] Thereby, it is possible to prevent the reduction in 
vibration transmittability between ceramic substrate 2 and 
piezoelectric portion 1, caused by the interposition of adhesive or 
q the like, and the deterioration in piezoelectric properties due to 

%j deterioration in properties of piezoelectric portion 1 and ceramic 

FU 

fU 10 substrate 2 caused by the infiltration of adhesive components or 

SI the like. 

3 

O [0078] Herein, "be solidly attached" refers to that the 

01 

piezoelectric portion is tightly integrated with the ceramic 
substrate directly or via the electrode, owing to a solid-state 
15 reaction between the ceramic substrate and the piezoelectric 
portion or the electrode, without using any organic or inorganic 
adhesive. 

[0079] Incidentally, in a layered piezoelectric element shown 
in Fig. 8, the piezoelectric portion la at the lowest portion is 
20 solidly attached to the substrate 2 directly or via the electrode 
3g. 

[0080] In a piezoelectric element of the present invention, 
the ratio of the capacity after polarization to the capacity before 
polarization is preferably 120% or more, more preferably 125% or 
25 more, in the point of an easily movable polarization structure. 
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[0081] Then, a method for producing a piezoelectric element 
of the present invention is described. 

In the production process of the present invention, first, a 
piezoelectric material made of a specific piezoelectric ceramic 
composition is superposed on a ceramic substrate or an electrode 
formed on a ceramic substrate. 

[0082] The substrate used in the present invention can be 
produced by producing a compact having a desired shape by a 
general method of, for example, a press and an extrusion with 
using a material corresponding with the ceramics as described 
with respect to the piezoelectric element of the present invention 
and firing the compact under general firing conditions. 
[0083] The piezoelectric material used in the present 

invention is made of a piezoelectric ceramic composition 
described with respect to the piezoelectric element of the present 
invention and can be prepared as follows. 

[0084] That is, first, a raw material which serves as the main 
component of the piezoelectric ceramic comopsition is prepared 
by mixing simple substances (elements) each consisting of Pb, Ba, 
Ca, Sr, La, Mg, Nb, Zr or Ti; oxides of these elements (e.g. PbO, 
Pb 3 0 4 , La 2 0 3 , MgO, Nb 2 O s , Ti0 2 and Zr0 2 ); carbonates of these 
elements (e.g. BaC0 3 , SrC0 3 , MgC0 3 and CaC0 3 ); and compounds 
containing a plurality of these elements (e.g. MgNb 2 0) so that 
the contents of elements (Pb, Ba, Ca, Sr, La, Mg, Nb, Zr and Ti) 
in resulting mixture becomes within a desired ratio shown by the 



25 

general formula (1). The raw material has an average particle 
diameter of preferably 1 u m or less, more preferably 0.5 u m or 
less in the point that they can easily be uniformly mixed. 
[0085] The mixture is mixed with 0.05 - 10.0 mass% of NiO 
relative to the whole composition, and the resulting mixed raw 
material is calcined at 750 to 1,300°C to obtain a piezoelectric 
ceramic composition. The calcined piezoelectric ceramic 
composition has a ratio of a strength of the strongest diffraction 
ray of a pyrochlore phase to a strength of the strongest 
diffraction ray of a perovskite phase is preferably 5% or less, 
more preferably 2% or less. 

[0086] Then, the piezoelectric ceramic composition obtained 
above is ground with a general grinding apparatus such as a ball 
mill, an attrition mill, or a beads mill to give a piezoelectric 
material powder having a desired particle diameter. At this 
time, the average particle diameter of the piezoelectric material 
powder is preferably 0.1 - 1.0 U m, more preferably 0.3 - 0.7 At 
m. In addition, the maximum particle diameter of the 
piezoelectric material powder is preferably 3.0 n m or less, and 
more preferably 2.0 U m or less. By such a particle diameter, a 
desired ternary system solid solution composition having an 
average particle diameter of 1 - 10 U m with a maximum particle 
diameter being 5 times as large as the average particle diameter 
or less. 

[0087] Incidentally, a particle diameter of the powder may be 



M 

m 
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adjusted by subjecting the piezoelectric material powder 
obtained by grinding to a heat treatment at 400 - 750^ . At this 
time, a finer particle is more preferable because a fine particle 
can be integrated with other particles to give a powder having an 
5 even particle diameter. The piezoelectric material may be 
prepared by another method, for example, an alkoxide method or 
a co-precipitation method. 

[0088] The method for superposing the obtained 

piezoelectric material may be, for example, screen printing, 
M 10 spraying or dipping. Of these, screen printing is preferred 

9 

O because it enables continuous lamination easily in a shape and 

01 

S thickness of high accuracy. 

csjbxs 

0 [0089] In the case of solidly attaching a piezoelectric portion 

directly onto a substrate, a piezoelectric material is superposed 
15 directly on a substrate. In the case of solidly attaching a 
piezoelectric portion onto a substrate via an electrode, an 
electrode is formed on a substrate, and a piezoelectric material is 
superposed on the electrode. 

[0090] As a method for forming the electrode, there can be 
20 mentioned, for example, screen printing, spraying and dipping. 
Of these, screen printing is preferred in view of the bondability 
between a ceramic substrate and a piezoelectric portion. 
[0091] The formed electrode can be integrated with a 
substrate and/or a piezoelectric portion by a heat treatment of at 
25 about 1000 - 1400*0. At this time, the heat treatment may be 
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conducted before a piezoelectric material is superposed, at the 
time when an electrode is formed, or collectively by a heat 
treatment conducted after a piezoelectric material is superposed 
as described below. 
5 [0092] Next, in a production method of the present invention, 
the piezoelectric material superposed on the ceramic substrate or 
on the electrode is heat-treated in the co-presence of a specific 

amount of an atmosphere-controlling material having the same 

Si . . 

Rj composition as the piezoelectric composition in a sealing 

RJ 

HO 10 atmosphere. 

M , 
H [0093] Thereby, it becomes possible to prevent the 

□ 

& vaporization of each component constituting the piezoelectric 

O 

=P material and obtain a piezoelectric portion containing each 

□ 

N component at a desired ratio. This heat treatment enables to 

15 solidly attach the piezoelectric portion on a substrate directly or 
via an electrode. 

[0094] In the present invention, the atmosphere-controlling 
material is made to coexist at preferably 0.03 - 0.05 mg/cm 3 , 
more preferably 0.07 - 0.40 mg/cm 3 , furthermore preferably 0.10 
20 - 0.30 mg/cm 3 in terms of NiO amount per unit volume of a space 
in a container in the atmosphere. 

[0095] When the amount in terms of NiO amount per unit 
volume of a space in a container in the atmosphere is less than 
0.03 mg/cm 3 , a piezoelectric element is prone to have a low 
25 linearity of a flexural displacement relative to an electric field 
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upon applying a high electric field because it is difficult to obtain 
a piezoelectric portion containing a desired amount of Ni. On 
the other hand, when the amount in terms of NiO amount per 
unit volume of a space in a container in the atmosphere is more 
than 0.50 mg/cm 3 , particles having NiO as the main component 
are excessively present and serves as the starting points of 
dielectric breakdown, therefore, dielectric breakdown is apt to be 
caused. 

m [0096] Incidentally, NiO can be dispersed uniformly in a 

ru 

£ 10 piezoelectric portion by making a NiO content of a co-existing 

M 

a atmosphere-controlling material the same as an piezoelectric 

O 

CP ceramic composition constituting a piezoelectric material, and 

□ 

jfj NiO can be dispersed in such a concentration gradient that the 

w concentration of NiO becomes higher from the interface between 

15 the piezoelectric portion and the ceramic substrate towards the 
thickness direction of the piezoelectric portion by giving a higher 
concentration to a piezoelectric ceramic composition constituting 
a piezoelectric material. In addition, by controlling the NiO 
content of the composition made to be co-exist, it becomes 
20 possible to control the extent of the NiO concentration gradient 
in the piezoelectric obtained. 

[0097] In the present invention, it is also preferable to use, 
as a container for housing the piezoelectric element and a setter 
for mounting the piezoelectric element thereon, a member 
25 obtained by subjecting the member to a heat treatment 
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(hereinbelow sometimes referred to simply as "pretreatment") in 
an atmosphere where an atmosphere-controlling material having 
the same composition as the piezoelectric material is coexisted. 
[0098] By this, there can be securely obtained a piezoelectric 
5 portion containing a desired amount of NiO and a piezoelectric 
element having high linearity of a flexural displacement relative 
to an electric field up to a high electric field region, 
jjj [0099] In addition, in the present invention, it is particularly 

5j preferable to subject a piezoelectric material to a heat treatment 

j-y 10 with using the pretreated container and setter as well as to make 
%j a specific amount of the aforementioned atmosphere-controlling 

a 

O material co-exist. 

m 

□ [0100] Such a heat treatment gives a piezoelectric portion 

45 

P where a ceramic composition contains particles having NiO on 

FU 

15 the surface and in the interior thereof, and a piezoelectric 
element having a higher linearity of a flexural displacement 
relative to an electric field up to a high electric field region. 
[0101] Incidentally, to make the particles having NiO as the 
main component unevenly distributed, a heat treatment is 

20 conducted in the same manner as in the aforementioned case that 
NiO is present in a piezoelectric portion with a concentration 
gradient under conditions where the particles can be formed. 
[0102] It is preferable that a material for the container and 
the setter in the present invention contains, as the main 

25 component, magnesium oxide, aluminum oxide, zirconium oxide, 
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mullite, or spinel. 

[0103] The pretreatment is preferably conducted at a 

temperature within a range of ±100t: from a temperature for 
heat treating a material for a piezoelectric portion superposed on 
a substrate or the like so that an effect due to the pretreatment 
is sufficiently exhibited. 

[0104] The pretreatment is conducted preferably plural times, 
more preferably at least 3 times to make securely present 
particles having NiO as the main component on the surface and 



SI 

m 

ru „ , 

,fl 10 in the interior of the ceramic composition. 

J [0105] It is preferable to conduct a plural number of heat 

O 

ffl treatments on a piezoelectric material after the pretreatment is 

□ 

■£ conducted once. It is also preferable to conduct a heat 

6 

rU treatment on the piezoelectric material once after a plurality of 

15 pretreatments are conducted. It is also preferable to conduct a 
plurality of heat treatments on the piezoelectric material after a 
plurality of pretreatments are conducted. 

[0106] In the present invention, the heat treatment 

temperature for the piezoelectric material is preferably 1,000 to 

20 1,400°C, more preferably 1,100 to 1,350°C. 

When the temperature is less than 1,000°C, the solid 
attachment of the piezoelectric to the ceramic substrate may be 
insufficient or the density of the piezoelectric may be insufficient. 
When the temperature exceeds 1,400°C, the vaporization amount 

25 of Pb and Ni in the piezoelectric material is large and it may be 
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difficult to obtain a piezoelectric having an intended 
composition. 

[0107] In addition, the time for keeping the highest 

temperature of the heat treatment is preferably 10 min. - 10 
5 hours, more preferably 1 hour - 4 hours. 

When the time is less than 10 min., densification of a 
piezoelectric ceramic composition and growth of particles is 
§ prone to become insufficient, and desired properties cannot be 

yy obtained in some cases. When the time is more than 10 hours, 

FU 

£ 10 the gross vaporization amount of Pb and Ni increases even if the 



atmosphere is controlled; which is prone to cause disadvantage of 

0 

SH lowering in properties and increase in dielectric breakdown. 

O 

■F [0108] Though the heat treatment may be conducted before 

O 

W formation of an electrode in the present invention, it may be 

15 conducted after the formation collectively. Likewise, in a 
layered piezoelectric element, each electrode and each 
piezoelectric portion may be heat-treated by every formation 
thereof, may be heat-treated after all of them are formed, or may 
be heat-treated repeatedly after some of them are formed. 
20 [0109] The present invention is described more specifically 
below by way of Examples. However, the present invention is in 
no way restricted to these Examples. 

In Examples and Comparative Examples, measurements 
were conducted as follows. 
25 [0110] 
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(Method of Evaluation) 
1. Flexural displacement 

A voltage was applied to electrodes of a piezoelectric 
element so as to give an electric field of 3 kV/mm. The resulting 
flexural displacement of the piezoelectric element was measured 
by a laser displacement tester. 
[0111] 



§ 2. Linearity of flexural displacement relative to electric field 

Jjj There were measured a flexural displacement generated 

iff ! 

[p io when a voltage was applied between the upper and the lower 
electrodes so as to give an electric field of 4 kV/mm and a 

displacement generated when a voltage was applied between the 

O 

* upper and the lower electrodes so as to give an electric field of 2 

O 

RJ kV/mm. A ratio of the two values obtained by the measurements 

15 was evaluated. Incidentally, a higher linearity gives an 
evaluation nearer to 200%. 
[0112] 

3. Average particle diameter and the maximum particle 
diameter 

20 A surface of a ternary system solid solution composition 

constituting a piezoelectric portion was measured with a 
scanning electron microscope. To be concrete, a line was drawn 
on an optional image for observation, a distance of a grain 
boundary across the line was defined as a particle diameter, 

25 particle diameters of 100 ternary system solid solution 
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compositions were measured to determine the average particle 

diameter and the maximum particle diameter. 

[0113] 

4. Porosity 

5 The piezoelectric portion of each piezoelectric element 

obtained in Examples and Comparative Examples was examined 
by a scanning electron microscope, over a range of 50 \xm of each 

P of the surface, length and width; the areal proportion of pores in 

D 

M each of the three visual fields was determined; and the average 

ru 

fU 10 of the three areal proportions was calculated and taken as the 
SI porosity of the piezoelectric portion. 



a 



S [0114] 

? 5. Rate of dielectric breakdown 

<¥> 

2 A rate of the number of piezoelectric elements having 

ft? 

15 dielectric breakdown relative to the number of whole 
piezoelectric elements was evaluated as a rate of dielectric 
breakdown in the case that a voltage was applied between 
electrodes so as to give an electric field of 4 kV/mm. 
[0115] 

20 (Example 1) 

A lower electrode [1.2 mm x 0.8 mm x 3 (xm (thickness)] 
composed of platinum was formed, by screen printing, on a 
Y 2 0 3 -stabilized Zr0 2 substrate having a flat thin portion 
[dimensions of the thin portion: 1.6 mm x 1.1 mm x 10 \im 

25 (thickness) with a shape of cross-section in a longitudinal 
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direction being rectangle (a surface where a piezoelectric portion 
or an electrode is flat)]. They were subjected to a heat 
treatment at 1300 1: for two hours to integrate the lower 
electrode with the substrate. 
5 [0116] Thereon was superposed a piezoelectric material [1.3 
mm x 0.9 mm x 13 ^.m (thickness)] made of a piezoelectric ceramic 

N- composition containing 98.5 mass% of 

Q 

P. Pb 1 .oo<Mg l ,sNb 2/ a)o. 1 oTi 0 . 4 aZro.870s having the average particle 

N! 

IF diameter of 0.49 u m and the maximum particle diameter of 1.8 



FU 

M 



10 u m and 1.5 mass% of NiO. 

[0117] Then, the substrate having an electrode thereon and a 
q piezoelectric material superposed thereon was subjected to a 

q heat-treatment at 1,275°C for 2 hours in the co-presence of an 

ru - • 

atmosphere-controlling material having the same composition as 
15 the piezoelectric material at the rate of 0.15 mg/cm 3 in terms of 
NiO per unit volume of the space in the container. The 
piezoelectric material after the heat treatment had a thickness 
of 10 nm. 

At the time of the heat treatment, a container and a setter 
20 to be used was heat-treated (hereinbelow sometimes referred to 
as "pretreatment") once in the co-presence of an atmosphere- 
controlling material having the same composition as the 
piezoelectric material at the rate of 0.15 mg/cm 3 in terms of NiO 
per unit volume of the space in the container to be adapted to the 
25 atmosphere. Housing in the container and mounting on the 
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setter were performed. 

[0118] Then, on the piezoelectric portion was formed, by 
screen printing, an upper electrode [1.2 mm x 0.8 mm x 0.5 nm 
(thickness)] composed of gold. The resulting material was 
5 heat-treated to produce a piezoelectric element. 
[0119] 

y, (Comparative Example 1) 

§ A piezoelectric element was produced in the same manner 

m as in Example 1 except that there was used a piezoelectric 

FU . . 

<0 10 material made of a piezoelectric ceramic composition containing 

M 

98.5 mass% of Pb, oo(Mg 1/3 Nb 2/3 ) 0 . 2 oTi 0 . 4 3Zr 0 .3 7 0 3 having the 

O 

^ average particle diameter of 0.62 fi m and the maximum particle 

O 

■P diameter of 5.5 fi m and 1.5 mass% of NiO. 

□ 

m [0120] 

15 (Evaluation) 

A piezoelectric element of Example 1 had an average 
particle diameter of 3.0 n m, the maximum particle diameter of 
8.7 Mm, the ratio of the 4kV/mm flexural displacement to the 
2kV/mm flexural displacement (hereinbelow sometimes referred 

20 to as "4/2 flexural displacement ratio) was 170%, which shows 
high linearity of a flexural displacement relative to an electric 
field. In addition, the flexural displacement itself was so large 
as 2.23 U m. 

[0121] In contrast, the piezoelectric element of Comparative 
25 Example 1 had a 4/2 flexural displacement ratio of 146%, which 
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m 



M 
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I 

m 



shows low linearity of a flexural displacement relative to an 
electric field. The flexural displacement itself was also so small 
as 1.75 U m. The results are collectively shown in Table 1. 
[0122] 

5 (Table 1) 



10 



15 



Example 1 



Comp. Ex. 1 



NiO 
content 
(mass%) 



1.5 



1.5 



Average 
particle 
diameter 
( U m) 



3.0 



3.0 



Maximum 
particle 
diameter 
(P. m) 



8.7 



19.8 



4/2 flexural 
displacement 
ratio 
(%) 



170 



146 



Flexural 
displacement 
( V- m) 



2.23 



1.75 



[0123] 

(Example 2) 

A piezoelectric element was produced in the same manner 
as in Example 1 except that a negative electrode, a piezoelectric 
material, a positive electrode, a piezoelectric material and a 
negative electrode were superposed on a substrate in this order 
so as to interpose a negative electrode and a positive electrode 
between two piezoelectric portions alternatively, that the lowest 
piezoelectric portion was solidly attached to the substrate via an 
electrode, that the thickness when piezoelectric materials were 
superposed was half of Example 1, and that the thickness of each 
piezoelectric portion was 5 Mm (10 t± m in total like Example 1). 
[0124] 
20 (Evaluation) 

A piezoelectric element of Example 2, which has a half 
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thickness of each piezoelectric portion and the number of layers 
of 2, had a 4/2 flexural displacement ratio of 165%, showing 
lower linearity of a flexural displacement relative to an electric 
field in comparison with a piezoelectric element of Example 1. 
However, its flexural displacement increased to 2.45 H m 
contrariwise. The results are shown in Table 2 collectively. 



[0125] 

(Table 2) 





Thickness of 
each piezo- 
electric 
portion (Mm) 


Number of 
layers of 
piezoelectric 
portion 


4/2 flexural 
displacement 
ratio (%) 


Flexural 
displacement 
( U m) 


Example 1 


10 


1 


170 


2.23 


Example 2 


5 


2 


165 


2.45 



[0126] 

(Reference Examples 1 to 3) 

Piezoelectric elements were produced in the same manner 
as in Example 1 except that there were used, as piezoelectric 
materials, those obtained by mixing 97% by volume, 93% by 
volume or 85% by volume of a piezoelectric ceramic composition 
containing 98.5 mass% of Pb 1>0 o( M gi/3Nb 2/ 3) 0 . 20 Ti 0 43 Zr 0 37 0 3 and 
1.5 mass% of NiO), with 3% by volume, 7% by volume or 15% by 
volume of a latex having particle diameters of 8 to 12 (im. 
[0127] 

(Evaluation) 

A piezoelectric element of Reference Example 3 (15% by 
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volume of a latex is mixed in a piezoelectric material) had a 
porosity of 22%. At that time, the 4/2 flexural displacement 
ratio was 138%, and a flexural displacement itself was 1.66 H m. 
Likewise, a piezoelectric element of Reference Example 2 (7% by 
volume of a latex is mixed in a piezoelectric material) had a 
porosity of 12%. At that time, the 4/2 flexural displacement 
ratio was 154%, and a flexural displacement itself was 1.98 U m. 
In addition, a piezoelectric element of Reference Example 1 (3% 
by volume of a latex is mixed in a piezoelectric material) had a 
porosity of 6%. At that time, the 4/2 flexural displacement ratio 
was 162%, and a flexural displacement itself was 2.10 H m. 
From the above, it was confirmed that, as the porosity becomes 
smaller, the linearity of the flexural displacement to an electric 
field becomes higher, and the flexural displacement itself 
becomes larger. The results are collectively shown in Table 3. 
[0128] 



(Table 3) 





Latex 
(vol%) 


Porosity 
(%) 


4/2 flexural 
displacement 
ratio (%) 


Flexural 
displacement 
( U m) 


Reference 
Numeral 1 


3 


6 


162 


2.10 


Reference 
Numeral 2 


7 


12 


154 


1.98 


Reference 
Numeral 3 


15 


22 


138 


1.66 



[0129] 

(Example 3, and Comparative Example 2, 3) 
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As shown in Table 4, a piezoelectric element was produced 
in the same manner as in Example lexcept that piezoelectric 
materials each containing 1.5 mass%, 0.03 mass%, or 15.0 mass% 
of NiO in a piezoelectric ceramic composition. 
[0130] 

(Evaluation) 

A piezoelectric element of Example 3 containing 1.5 
mass% of NiO had a 4/2 flexural displacement ratio of 170%, 
which shows a high linearity of flexural displacement relative to 
electric field like a piezoelectric element of Example 1. In 
addition, the flexural displacement itself was 2.23 U m which 
was large like a piezoelectric element of the Example 1. 
[0131] In contrast, a piezoelectric element of Comparative 
Example 2 containing a small amount (0.03 mass%) of NiO in a 
piezoelectric material had a 4/2 flexural displacement ratio of 
144%, which shows low linearity of a flexural displacement 
relative to an electric field, and the flexural displacement itself 
was small (1.88 \x m). 

A piezoelectric element of Comparative Example 3 
containing a large amount (15.0 mass%) of NiO in a piezoelectric 
material had a 4/2 flexural displacement ratio of 127%, which 
shows a lower linearity of a flexural displacement relative to an 
electric field, and the flexural displacement itself is the smallest 
(1.45 tt m). The results are shown in Table 4. 
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[0132] 

(Table 4) 



Q 
S 

M 

ru 
ru 

Si 

O 

o 

Q 





NiO content 
(mass%) 


4/2 flexural 
displacement 
ratio (%) 


Flexural 
displacement 
(H m) 


Example 3 


1.5 


170 


2.23 


Comparative 
Example 2 


0.03 


144 


1.88 


Comparative 
Example 3 


15.0 


127 


1.45 



5 [0133] 

(Example 4 - 6) 

A piezoelectric element was produced in the same manner 
as in Example 1 except that a piezoelectric ceramic composition 
containing 98.5 mass% of Pb l 0 o(Mg 0 . 97/3 Nb 2/3 ) 0 . 2 oTi 0 43 Zr 0 37 O 3 and 
10 1.5 mass% of NiO was superposed as a piezoelectric material in 
Examples 4 - 6. 
[0134] 

(Evaluation) 

In Example 4, where the heat treatment was conducted in 
15 the same atmosphere with using a container and a setter 
subjected to a pretreatment 3 times in the co-presence of 
0.15mg/cm 3 of an atmosphere-controlling material in terms of a 
NiO amount per unit volume of a space in a container, the 4/2 
flexural displacement ratio was 174%, showing very high 
20 linearity of a flexural displacement, and a flexural displacement 
itself was very high (2.25 tt m). 
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In addition, the dispersion state of NiO in a piezoelectric 
portion was examined by an EPMA analysis, which indicated that 
particles having NiO as the main component were present both 
on a surface and in the interior of the piezoelectric portion and 
5 that also MgO is present in the particles having NiO as the main 
component. 

[0135] On the other hand, in Example 5, where the heat 
g treatment was conducted in the co-presence of 0.10 mg/cm of an 

JjJ atmosphere-controlling material in terms of a NiO amount per 

Jjj 10 unit volume of a space in a container with using a container and 
^ a setter subjected to a pretreatment once in the co-presence of 

§1 0.15 mg/cm 3 of an atmosphere-controlling material in terms of a 

£ NiO amount per unit volume of a space in a container, the 4/2 

S flexural displacement ratio was 171%, showing lower linearity of 

15 a flexural displacement relative to an electric field in comparison 
with that of the piezoelectric element in Example 4, and in 
addition, a flexural displacement itself was smaller (2.17 U m) 
than that of a piezoelectric element in Example 4. 

In addition, the dispersion state of NiO in a piezoelectric 
20 portion was examined by an EPMA analysis, which indicated that 
particles having NiO as the main component were not present in 
the interior of the piezoelectric portion though they were present 
on a surface of the piezoelectric portion. 

[0136] Further, in Example 6, where the heat treatment was 
25 conducted in the co-presence of 0.10 mg/cm 3 of an atmosphere- 
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10 



controlling material without a pretreatment in terms of a NiO 
amount per unit volume of a space in a container, the 4/2 flexural 
displacement ratio was 159%, showing lower linearity of a 
flexural displacement relative to an electric field, and in 
addition, a flexural displacement itself was further smaller (1.98 
U va). 

In addition, the dispersion state of NiO in a piezoelectric 
portion was examined by an EPMA analysis, which indicated that 
particles having NiO as the main component were not present 
either on a surface or in the interior of the piezoelectric portion. 
The results are collectively shown in Table 5. 
[0137] 
(Table 5) 



Ex. 4 



Ex. 5 



Ex. 6 



Atmosphere -controlling 
material in terms of 
NiO amount per unit 
volume of space in 
container (mg/cm 3 ) 



Upon heat 
treatment 



0.15 



0.1 



0.1 



Upon pre- 
treatment 



0.15 



0.15 



Number 
of pre- 
treatment 



4/2 flexural 
displacement 
ratio 
(%) 



174 



171 



Flexural 
displace- 
ment 
(tt m) 



2.25 



159 



2.17 



1.98 



Presence of 
particles having 
NiO as the main 
composition in 
piezoelectric 
portion 



Surface 



Interior 



Present 



Present 



None 



Present 



None 



None 



15 [0138] 



(Example 7 - 10) 

A piezoelectric element was produced in the same manner 
as in Example 1 except that a piezoelectric material having a 
composition shown in Table 6 was used. 



43 



Si 



[0139] 

(Evaluation) 

Each of the piezoelectric elements was measured for 4/2 
flexural displacement ratio, and any piezoelectric element in 
5 Examples 7-10 had relatively high linearity of a flexural 
displacement relative to an electric field (158% or more). 
[0140] However, a piezoelectric element of Example 8 

employing a piezoelectric material having a composition where 
\J 5.0 mol% of Pb was substituted by Sr and a piezoelectric element 

fy 10 of Example 9 employing a piezoelectric material having a 

y3 

Si composition wherelO.O mol% of Pb was substituted by Ba had a 

4/2 flexural displacement ratio of 168% and 166%, respectively, 
showing higher linearity of a flexural displacement relative to an 
Q electric field in comparison with a piezoelectric element of 

15 Example 7 employing a piezoelectric material having a 
composition where Pb is not substituted at all. In addition, 
flexural displacements themselves were larger (2.38 m and 2.34 
m, respectively) in comparison with that of a piezoelectric 
element of Example 7. 
20 [0141] On the other hand, a piezoelectric element of Example 
10 employing a piezoelectric material having a composition 
where 7.5 mol% of Pb was substituted by Sr, and other 7.5 mol% 
of Pb was substituted by Ca (15 mol% in total) had a 4/2 flexural 
displacement ratio of 158%, showing lower linearity of a flexural 
25 displacement relative to an electric field in comparison with a 
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piezoelectric element of Example 7. In addition, the flexural 
displacement itself was smaller (2.11 l± m) than that of a 
piezoelectric element of Example 7. The results are collectively 
shown in Table 6. 
5 [0142] 
(Table 6) 









Example 7 


Example 8 


Example 9 


Example 10 


CO 


Pb- 
substi- 
tuent 


Sort of 
element 


None 


Sr 


Ba 


Ba, Ca 


o 

u 
U 

CS3 


ratio 




5.0 


10.0 


7.5, 7.5 


JO 

« 


X 


1.00 


1.00 


1.00 


1.00 


CO 
M 


y 


0.97 


0.97 


0.97 


0.97 


bo 


a 


0.375 


0.375 


0.375 


0.375 




b 


0.375 


0.375 


0.375 


0.375 


a. 


c 


0.250 


0.250 


0.250 


0.250 


NiO content (mass%) 


1.0 


1.0 


1.0 


1.0 


4/2 flexural displacement 
ratio (%) 


162 


168 


166 


158 


Flexural displacement 
( a m) 


2.31 


2.38 


2.34 


2.11 



[0143] 

10 (Examples 11-13) 

A piezoelectric element was produced in the same manner 
as in Example 1 except that a piezoelectric material having a 
composition shown in Table 7 was used. 
[0144] 
15 (Evaluation) 

Any of the piezoelectric elements in Examples 11 — 13 had 
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a 4/2 flexural displacement ratio of 159 or more, showing 
relatively high linearity of a flexural displacement relative to an 
electric field. 

[0145] However, a piezoelectric element of Example 12 

5 employing a piezoelectric material where 0.8 mol% of Pb is 
substituted by La had a 4/2 flexural displacement ratio of 167%, 
showing higher linearity of a flexural displacement relative to an 
§ electric field in comparison with that of a piezoelectric element 

fU of Example 11 employing a piezoelectric material where a part of 

hi 

i 10 Pb was not substituted by La. In addition, the flexural 

Si . , , 

displacement itself was large (2.36 w m) in comparison with that 



S 



of the piezoelectric element in Example 11. 
5 [0146] On the other hand, a piezoelectric element of Example 

FU 13 employing a piezoelectric material where 1.5 mol% of Pb is 

15 substituted by La had a 4/2 flexural displacement ratio of 159%, 
showing lower linearity of a flexural displacement relative to an 
electric field in comparison with that of a piezoelectric element 
of Example 11. In addition, the flexural displacement itself was 
small (2.06 H m) in comparison with that of the piezoelectric 
20 element in Example 11. The results are shown in Table 7. 
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[0147] 

(Table 7) 









Example 11 


Example 12 


Example 13 


CO 

o 

u 
U 

N 

CO 
CO 
©4 

CO 

>» 

be 

2 

X 

Pu 


Pb- substi- 
tuent 


Sort of 
element 


None 


La 


La 


ratio 




0.8 


1.5 


3 


c 


i nn 


1.00 


1.00 


y 


0.97 


0.97 


0.97 


a 


0.375 


0.375 


0.375 


b 


0.375 


0.375 


0.375 


c 


0.250 


0.250 


0.250 


NiO content (mass%) 


1.0 


1.0 


1.0 


4/2 flexural displacement ratio 


162 


167 


159 


Flexural displacement ( li m) 


2.31 


2.36 


2.06 



[0148] 

5 (Comparative Examples 4, 5) 

A piezoelectric element was produced in the same manner 
as in Example 1 except that a heat treatment was conducted in 
the co-presence of an atmosphere-controlling material at the rate 
of 0.750 mg/cm 3 and 0.015 mg/cm 3 , respectively, in terms of NiO 
10 amount per unit volume of a space in a container in the 
atmosphere and that a pretreatment was not conducted. 
[0149] 

(Evaluation) 

A piezoelectric element of Comparative Example 4, where 
15 a heat treatment was conducted in the co-presence of an 
atmosphere-controlling material at the rate of 0.750 mg/cm 3 , had 
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G 
O 

SI 

m 
m 

SI 

a 



<¥ 



a relatively high linearity of a flexural displacement (162% of a 
4/2 flexural displacement ratio). However, a dielectric 
breakdown ratio was 17%, which was higher than that of a 
piezoelectric element of Example 1. 
5 [0150] A piezoelectric element of Comparative Example 5, 
where a heat treatment was conducted in the co-presence of an 
atmosphere-controlling material at the rate of 0.015 mg/cm 3 in 
terms of NiO amount per unit volume of a space in a container, 
had a lower linearity of a flexural displacement (139% of a 4/2 
10 flexural displacement ratio) than that of a piezoelectric element 
of Example 1. The results are collectively shown in Table 8. 
[0151] 
(Table 8) 



15 





NiO conversion 
amount per unit 
volume of space in 
container (mg/cm 3 ) 


4/2 flexural 
displacement 
ratio (%) 


Dielectric 
breakdown ratio 
(%) 


Example 1 


0.15 


170 


2 


Comp. Ex. 4 


0.75 


162 


17 


Comp. Ex. 5 


0.015 


139 


3 



20 



[0152] 

(Example 14) 

A piezoelectric element was produced in the same manner 
as in Example 1 except that a substrate having a W-like sectional 
shape in a thickness direction was used. 



# • 

48 



m 
ru 
43 
si 

E3 

o 

0 

O 

m 



10 



15 



[0153] 

(Evaluation) 

A piezoelectric element of Example 14, where a substrate a 
W-like sectional shape in a thickness direction was used, had a 
higher linearity of a flexural displacement relative to an electric 
field (177% of a 4/2 flexural displacement ratio) than that of a 
piezoelectric element of Example 1, where a substrate having a 
rectangle sectional shape in a thickness direction (a plane where 
a piezoelectric portion or an electrode is solidly attached is flat). 
In addition, a flexural displacement itself was large (2.48 U m) 
in comparison with a piezoelectric element of Example 1. The 
results are collectively shown in Table 9. 
[0154] 
(Table 9) 





Shape of ceramic 
substrate 


4/2 flexural 
displacement 
ratio (%) 


flexural 
displacement 
( U> m) 


Example 1 


Rectangular 


170 


2.23 


Example 14 


W-like shape 


177 


2.48 
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[0155] As described above, according to the present invention, 
there can be provided a piezoelectric element which has very 
high piezoelectric properties, excellent vibration 
transmittability between a substrate and a piezoelectric portion, 
d high linearity of a flexural displacement relative to an 



an 



electric field, and a method for production thereof. In 
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particular, these effects are great in a piezoelectric element 
having a layered structure a plurality of piezoelectric portions 
and electrodes disposed alternatively, and the piezoelectric 
element can be suitably used for an actuator, a sensor, etc. 



